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Ground-level ozone is an environmental and public health issue. Daily ozone 
forecasts are made to allow people to take precautions to protect their health. For this 
study, a prototype laser that measures ozone concentrations vertically throughout the 
atmospheric boundary layer was evaluated as tool for ozone forecasting.  
To examine this data, three analyses were performed. First, it was determined if 
stratification, and thus residual layers, could be seen. This was conducted, in part, by 
examining hourly mixing heights overlaid onto color-coded NEXLASER charts. Each 
NEXLASER chart shows the horizontal and spatial distribution of the measured ozone 
concentrations during a twenty-four hour period. In the second analysis, the correlation 
value between the early morning upper-tropospheric ozone and the maximum 8-hour 
average surface ozone concentrations was determined. For the third analysis, a case study 
on two select groups of days was conducted.  
This study suggested that NEXLASER can be used to detect the presence of 
residual layers and can be used as an aid in predicting peak daily 8-hour average ground-
level ozone concentrations. Specifically, days on which a morning ozone reservoir layer 
is most prominent have the most potential to lead to high surface ozone concentrations 
later in the day. While more research should be conducted, this study shows how this data 





Ground-level ozone is an environmental and public health issue. Because of 
health concerns associated with exposure to high concentrations of ozone, it is desirable 
to provide accurate forecasts of future ozone concentrations as far in advance as possible.  
The primary goal of ozone forecasts, now offered in many communities, is to provide the 
public in general, and those that are susceptible to ozone in particular, sufficient warning 
such that people may take precautions to limit or avoid exposure, and as a consequence, 
improve health outcomes.  For this study, a prototype laser that measures ozone 
concentrations vertically throughout the atmospheric boundary layer was evaluated as 
tool for ozone forecasting.  
 
Regulations and Health Impacts 
The main focus of ozone forecasts is to provide the public with advance warning 
of ozone concentrations so that individuals can take precautions to protect their health. 
This is in addition to the United States Environmental Protection Agency’s (U.S EPA) 
continuing effort to protect human health from the adverse effects of ozone since it was 
authorized to set pollutant standards within the Clean Air Act in 1970. The standards 
within this Act are periodically re-evaluated using the latest scientific research. In 1997, 
the EPA replaced the 1-hour primary standard for ozone with a new 8-hour standard 
based on review of available scientific evidence documenting the adverse health effects 
due to ozone exposure. In their last review of health impacts related to ozone exposure, 
the EPA cited studies showing decreases in lung volume and inflammation of respiratory 
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tissues, evidence related to response and recovery times, and health exacerbations related 
to exposures to ozone mixed with other pollutants. (U.S EPA, 1996). 
The new 8-hour standard is 0.08 parts per million (ppm). A monitor is attaining 
the standard when the average over a three year period of the annual fourth highest daily 
8-hour average ozone concentration is less than or equal to 0.084ppm. A region is 
attaining the standard when all monitors in the area are attaining the standard. (Federal 
Register, 1997; Federal Register, 2003) 
Recently, Brunekreef and Holgate (2002) reviewed current studies on the health 
effects of air pollutants and used a large experimental database to verify that ozone has 
significant biological effects at ambient concentrations. Frischer et al (2001) found that 
ozone exposure in healthy children is also harmful, with ozone associated with eosinophil 
inflammation in the airways. Long-term exposure to ozone is documented to decrease 
respiratory function in adults and children, whether over several hours or over a season 
(Kinney and Lippmann, 2000). Persistent ozone effects have also been shown to exist, 
especially in the day following exposure (Brauer and Brook, 1997). It also has been 
documented that both healthy and asthmatic individuals can develop a tolerance to daily 
ozone (Gong et al, 1997). However, Jorres et al (2000) determined that airway 
inflammation persists after repeated exposure to ozone, despite attenuation of some 
inflammatory markers. Reviews of recent studies have even found that adverse health 
effects can be seen at lower concentrations than previously thought and premature 
mortality effects of ozone pollution have been under predicted. (Brunekreef and Holgate, 




Ozone is formed from photochemical reactions between NOx and various 
hydrocarbons, where the main anthropogenic source of NOx is fossil fuel combustion, 
such as automobile exhaust. Anthropogenic sources of hydrocarbons include combustion, 
fuel evaporation, solvent use and chemical manufacturing. The reactions that produce 
tropospheric ozone are: (Jacob, 1999) 
 
 R1 : NO2 + hv -> NO + O 
 R2 : O + O2 + M -> O3 + M 
 
However, the key destruction mechanism of O3 consists of the oxidation of NO to 
form NO2.   
 
 R3 : NO + O3 -> NO2 + O2 
 
Reactions of CO, CH4 and hydrocarbons in the presence of NOx will produce additional 
NO2 without the destruction of O3, thus allowing for a net increase in O3. Examples of 
these reactions are the following:  
 
  R4 : CO + OH -> CO2 + H 
  R5 : H + O2 + M -> HO2 + M 
  R6 : HO2 + NO -> OH + NO2
 and 
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  R7 : CH4 + OH -> CH3 + H2O 
  R8 : CH3 + O2 + M -> CH3O2 + M 
  R9 : CH3O2 + NO -> CH3O + NO2 
 
Both examples show how a peroxy radical is formed (HO2 and CH3O2 ) and a subsequent 
oxidation of NO to NO2 , leading to ozone production through reactions R1 and R2. 
(Jacob, 1999; Pryor and Steyn, 1995; Seinfeld and Pandis, 1998; Guicherit and Roemer, 
2000) 
Synoptic meteorology influences the amount of ozone that is formed and where it 
is transported. High concentrations of ozone occurs more frequently on days occur that 
are sunny, hot, dry, winds are light or calm, and there is a strong temperature inversion - 
conditions associated with high-pressure systems. Since solar radiation activates the 
reactions that form ozone, more available sunlight leads to increased production of ozone. 
Many of the reactions above are also temperature dependent, where the higher the 
temperatures, the more rapid are the chemical reaction rates, and thus, ozone production. 
If winds are light or calm, ozone precursors will accumulate rather than disperse. 
(Seinfeld and Pandis, 1998; Comrie and Yarnal, 1991) Ozone formation and 
accumulation is less likely to occur under meteorological conditions associated with low-
pressure systems. Convective and upward motions associated with fronts and cyclones 
vent and disperse the pollutants, and pollutant precursors, into the upper troposphere. 




Impact of the Mixing Layer on Ozone Concentrations 
 Pollutant dispersion is largely dependent on the height of the mixed layer that is 
located within the atmospheric boundary layer. The mixed layer is a layer in which 
compounds are homogenously mixed through convection and turbulence. The mixed 
layer is capped by a temperature inversion that acts as a barrier to ground-level pollutant 
dispersion. An inversion is an increase in potential temperature with height. In the 
troposphere, potential temperatures normally decrease with height.  
A nocturnal surface inversion can develop after sunset as the ground cools by 
radiative cooling. In the morning, the inversion is destroyed from the bottom to the top by 
the ground reheating due to incoming solar radiation. The mixed layer grows until the 
inversion eventually dissolves by midday. Below the surface inversion layer, pollutants 
are trapped and become well mixed by wind and turbulence. (Arya, 1999) 
A subsidence inversion aloft can form as a result of sinking air associated with 
high- pressure systems, where the subsiding air is being heated by adiabatic compression. 
The entrapment of pollutants by the subsidence inversion can also result in high 
concentrations of ozone. This is one of the reasons extreme ozone events are associated 
with high-pressure systems. (Arya, 1999; Baumbach and Vogt, 2003) A schematic of this 




Figure 1: Schematic of diurnal process  
 
Studies such as the one conducted by Hayden et al (1997) and Ludwig et al 
(1995), have shown that the mixed layer depth has a significant effect on ozone 
concentrations. Hayden et al studied the boundary layer structure in the Lower Fraser 
Valley of coastal British Columbia and found that when the ozone concentrations were 
high, the mixed layer depth was relatively low at 500-800m. Ludwig et al noted that 
high-ozone concentrations at Pinnacles National Monument, in northern California, 
occurred on days with shallow mixing layers and strong inversions. Their analysis also 
suggests that the winds and stable inversion layers cause the ozone violations in that 
region. 
 The correlation of the mixing layer height and ozone concentrations was used by 
Cox and Chu (1993) to model ozone trends. They used graphical and regression methods 
to determine which meteorological variables are the most highly related to the daily 
maximum ozone concentrations. By using step-wise regression analysis and scatter plots, 
they found that morning mixing heights, among five other variables, best explain the 
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variability in maximum ozone. They also found that afternoon mixing height is a good 
predictor of ozone concentrations in urban centers in the western US.  
Besides the direct trapping that inversions have on pollutants and pollutant 
precursors, inversions may also contribute to pollutant concentrations through the 
creation of a residual layer. At night, a lightly mixed layer that is located between the 
nocturnal surface inversion and the upper level subsidence inversion. This layer can 
contain the residual ozone formed during the previous day. Since NOx, which is emitted 
at or near the surface and is the main ozone-destroying compound, cannot enter this layer 
due to the capping of the nocturnal surface inversion, any ozone in this layer is preserved. 
When the nocturnal surface inversion dissolves later in the day, ozone from the 
‘reservoir’ can be mixed down and added to the ozone formed through photochemical 
processes. (Baumbach and Vogt, 2003)  
 
NEXLASER 
A lidar (Light Detection And Ranging) is an instrument that transmits and 
receives ultraviolet, visible or infrared light, where a laser is the transmitter and a 
telescope, with a given field of view, is the receiver. The laser releases a pulse of light, at 
a specific wavelength. This light may be reflected, refracted or absorbed by the 
atmosphere. The receiver measures the amount of light that is backscattered against time. 
Once the light is emitted, a timer starts, only to stop when light is received back. Thus, 
the pulse allows the distance to the gas of interest to be determined, since both the time 
span and speed of light are known. When the telescope receives the backscattered light, it 
directs it to a detector where the photons of light are converted into an electrical signal. 
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This electric signal is then transformed into the desired data signal. (Sica, 1999) A 
diagram of the basic lidar is shown in Figure 2. 
 
 
Figure 2: Laser diagram (Sica, 1999) 
 
DIAL (DIfferential Absorption Lidar) is a lidar system that has two laser 
wavelengths that are used to measure gases in the atmosphere. One of the wavelengths is 
strongly absorbed by the gas while the second is absorbed to a lesser extent. The two 
wavelengths are emitted into the atmosphere and are scattered back to two receivers. 
(Vaughan, 2003) The following basic elastic backscatter lidar equation is used by the 
DIAL system to calculate the received signal strength: 
 
P(R) = PB0Bη(A/RP2 P)(cτ/2)β(R)exp[-2∫PR PB0 B α(R)dr] 
 
In this equation, P(R) represents the power, or amount of photons, received at range R 
and PB0 B is the average power transmitted throughout the laser pulse. The receiver 
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efficiency is represented by η, the receiver area by A, and the distance to the scattering 
volume by R. The speed of light is represented by c, and τ is the duration of the laser 
pulse. Finally, the atmospheric backscatter coefficient and the atmospheric extinction 
coefficient are represented by β and α, respectively. They depend on the two chosen 
wavelengths, λ BonB and λ Boff , Band have a separate value for each wavelength. These 
wavelengths have different absorption cross-sections, as previously mentioned, and 
correspond to signals PBonB and PBoffB.  Using these two signals, along with additional 
variables such as the change in absorption cross-sections and wavelength dependent 
correction terms based on extinction coefficients, the number density of the measured gas 
can be determined. Once the number density is determined, the concentration can be 
calculated. (Gimmestad, 2005) 
DIAL systems have been extensively studied. Fredriksson and Hertz (1984) and 
Weibring et al (2003) studied using these instruments to measure different gases and 
fitting them into mobile vans. The National Oceanic and Atmospheric Administration 
(NOAA) built a mobile DIAL van known as OPAL (Ozone Profiling Atmospheric Lidar) 
(Gimmestad, 2005) While much of the DIAL technology is well known, there are still 
issues that need to be taken into consideration. For example, when two wavelengths are 
emitted, a systematic error occurs if one of the two wavelengths has a different overlap 
with the field of view than the other. Also, the DIAL equation, mentioned previously, 
will assume that the signals received are constructed of single-scattering events if 
corrections are not made. This is important in turbulent atmospheres, where several 
scattering events will contribute to the signals. Again, this can cause systematic errors 
(Fredriksson and Hertz, 1984). Sasano et al (1985) explains in detail the errors that can 
occur when determining the extinction and backscattering coefficients. 
Researchers at the Georgia Tech Research Institute (GTRI) are constructing and 
testing a new prototype DIAL, called NEXLASER, which builds upon the already 
existing DIAL technology and is used to measure upper-atmospheric ozone. Specifically, 
NEXLASER is proposed as an unattended network of DIAL systems that will be simpler 
to operate, more reliable, produces real-time reduced data, has eye safety, uses standard 
measurement techniques and is generally lower in cost. (Gimmestad, 2005)  
Because the NEXLASER system utilizes the ultraviolet (UV) spectrum, 
wavelengths that absorb ozone within that region must be chosen. Using the UV 
spectrum is important because several pollutants that are key for urban air studies have 
spectra in that zone. Also, eye safety requirements can be met and the sky background 
radiance is small. Figure 3 depicts the UV spectrum’s ozone and sulfur dioxide 
absorption cross-sections, along with vertical lines that represent three regularly used 
DIAL wavelengths. The NEXLASER uses the 289nm/299nm DIAL pair to measure 
ozone. Sulfur dioxide is depicted in Figure 3 because it can act as an interfering gas at 





Figure 3: Ozone and sulfur dioxide absorption cross-sections with regularly used 
wavelengths marked by vertical lines. (Gimmestad  et al, 2001) 
 
NEXLASER was designed to keep errors in ozone concentration below 10ppb. 
The allowed errors are partitioned such that statistical errors in ozone concentration are 
kept below 7ppb when 2500 pulses are averaged. As for systematic errors, the remaining 
3ppb includes uncertainty in absorption cross-sections and residual aerosol correction 
terms, the latter which are used to help take into account such things as interfering gases. 
However, the influence of SO2 and NO2 is not considered in the construction of 
NEXLASER.  These are relevant when applying the wavelengths used by the instrument 
and thus can lead to additional errors. (Stewart et al, 2002)  
Even given the inherent errors, DIAL technology has been shown to measure 
ozone profiles with reasonable accuracy and NEXLASER seeks to improve upon it. 
However, the purpose of this study is not to validate the instrument but examine whether 
data collected from it can be used to explain surface ozone concentrations. In particular, 
the hypothesis of this study is that NEXLASER can be used to detect the presence of 






 Hourly concentrations of ozone collected using NEXLASER during the summer 
of 2004 in Atlanta, Georgia were examined in this study. Specifically, this information 
was retrieved from the roof of the Baker Building on the Georgia Institute of Technology 
campus (33.46 N and 84.23 W). 
NEXLASER collected ozone concentrations throughout the lower and upper 
troposphere approximately every 2 minutes. A 1-hour average concentration was 
calculated for each hour by aggregating the 2-minute data. These averages were stored at 
the beginning of the hour. For example, the 9am average is for all measured values 
between 9am and 10am. A minimum of one 2-minute value was required for the hourly 
concentration; otherwise the hourly average was reported as missing. The hourly average 
was used for this study. NEXLASER measurements began at an altitude of 345m and 
continued every 15m until approximately 4000m, or until clouds were met.  
 
Early Morning Upper-Tropospheric Ozone Layers 
The main objective of this study is to see if NEXLASER data can be used to 
detect the presence of residual layers and examine whether this data can be used as an aid 
in predicting peak daily 8-hour average ground-level ozone concentrations. To 
accomplish this, potential stratification of the early morning upper-tropospheric data 
needed to be identified and correlations with surface maximum 8-hour average ozone 
concentrations needed to be calculated. To determine if the early morning ozone 
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concentrations are stratified, layers were first arbitrarily chosen. Each layer is 
approximately 285m in height. These layers can be seen in Table 1.  
 
Table 1: Ozone layers  
















Correlations between these layers of average hourly ozone concentrations were calculated 
to determine the relationship between the layers. If the calculated correlations were weak, 
then the layers are sufficiently different, suggesting that ozone is stratified within the 
boundary layer (as opposed to well mixed). 
 
Mixing Height Analysis 
Since showing if ozone reservoir layers exist and if they impact afternoon surface 
ozone maximum concentrations is key for this study, it is important to see how and when 
this layer intersects the mixing layer. In order to see this, diurnal mixing heights were 
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determined using programs made publicly available by the EPA and plotted over 
NEXLASER ozone charts. Each NEXLASER chart was a color-coded spatial plot of all 
the 2-minute measurements made for that day and was constructed by the GTRI 
researchers. The programs used in this analysis to estimate the hourly mixing heights 
were the Mixing Height Program and PCRammet  (U.S EPA, 2005).  
The first of these programs determined the daily minimum and maximum mixing 
heights. Mixing heights are determined using temperature profiles, which National 
Weather Service (NWS) radiosondes provide daily at 0Z and 12Z. For this study, the 
radiosonde data was retrieved through the Radiosonde Database Access webpage, which 
is produced with the National Oceanic and Atmospheric Administration (Govett, 2001). 
This data was for Peachtree City (33.4 N, 84.6W), the site closest to the NEXLASER site 
at Georgia Tech. The basics of determining the two mixing heights from these profiles 
involve the temperature and pressure at the surface and in the upper atmosphere. These 
numbers are used to calculate the potential temperature with height. For each level 
examined, the potential temperature aloft is compared to the surface air. If the potential 
temperature at that level is less than that of the surface, the air will continue to rise. This 
is because warm air is less dense than cold air. Once a level is found where the potential 
temperature aloft is greater, that is where the top of the mixing layer is defined. This 
process is repeated for both the 0Z and 12Z soundings, resulting in the daily minimum 
and maximum mixing heights. (U.S EPA, 1990) 
Once these values are calculated, the PCRammet program is used to estimate the 
hourly mixing heights. This program requires mixing height data determined using the 
Mixing Height Program along with hourly surface observations. It takes the morning and 
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afternoon mixing heights from the previous day, the current day, and the following day 
and interpolates the hourly values between them by using hourly estimates of stability. To 
estimate the stability, Turner’s insolation classes and Pasquill-Gifford stability classes are 
applied. These classes depend upon daytime insolation, nighttime cloudiness and surface 
wind speed. The daytime insolation is determined by cloudiness, ceiling height and solar 
angle. (U.S EPA, 1999) During daylight hours, light winds and strong insolation produce 
more unstable conditions (Arya, 1999). In nighttime, neutral conditions prevailed with 
less cloud coverage and lighter winds (Arya, 1999). Depending on whether the 
atmosphere is stable, unstable or neutral will determine between which mixing heights 
the interpolation occurs. For instance, if the atmosphere is neutral between midnight and 
sunrise, the interpolation for those hours is between the maximum mixing height value of 
the previous day and the maximum value for the current day. Each day is broken into 
similar interpolation sections. (U.S EPA, 1999)  The surface data required for this 
program was taken from the unedited local climatological database, which was accessed 
through the National Climatic Data Center (NCDC) website (NCDC, 2004).  Because 
there was incomplete data for Peachtree City for the days examined in this study, surface 
observations were taken from Atlanta Hartsfield-Jackson Airport (KATL). This data was 
measured at the end of each hour, at Local Standard Time (LST). Even from this data, 
assumptions had to be made. The EPA programs required numeric values for surface 
coverage and opaque cloud coverage. Since the data that was retrieved did not have those 
specific variables, adjustments were made. For those two categories, the ‘weather’ 
information obtained was used to fill those missing values. These adjustments can be 
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seen in Table 2. It was assumed that surface coverage and opaque cloud coverage were 
equal. 
 














NEXLASER and Surface Comparisons 
Once stratification, and thus reservoir layers, were suggested to be present, 
standard deviations of the hourly ozone within the layers previously examined were 
calculated to determine the appropriate maximum layer to correlate with the surface 
ozone. If a layer had a large standard deviation then it was assumed that the NEXLASER 
was unable to measure that layer with enough accuracy to allow for further examination. 
After a cut-off layer was determined, each morning hourly average of ozone 
within that layer was correlated with the afternoon maximum 8-hour ozone concentration. 
This correlation was calculated to determine if the early-morning upper-tropospheric 
ozone concentrations affected the afternoon maximum surface concentration. Morning 
hours were used because those are the times when a potential residual layer can be seen 
before it combines with the growing mixing layer. The surface maximum was determined 
using three arbitrarily chosen criteria utilizing the 11 different ozone-measuring sites 
across metropolitan Atlanta. Thus, for each hour and layer, there are three different 
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correlations examined. The first maximum was the highest 8-hour concentration at any of 
the 11 sites. The second was the average of the 11 maximum values for the region and the 
third was the maximum at the Confederate Avenue measuring site, which is the closest 
site to the Georgia Tech Campus. These concentrations were retrieved from Atlanta’s 
ambient monitoring program air quality database (Zimmer-Dauphinee, 2005). As with the 
NEXLASER averages, these were recorded at the beginning of the hour. Figure 4 shows 
a map indicating the location of each of the monitoring sites, Peachtree City, Georgia 
Tech and the Atlanta Hartsfield-Jackson Airport. The days that were used in this study 
can be seen in Table 3. These were the days that NEXLASER could be run and spanned 
from mid-July through the end of September.  
 
Figure 4: Atlanta map 
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Table 3: Study days  
13-Jul 9-Aug 2-Sep 
14-Jul 10-Aug 3-Sep 
15-Jul 11-Aug 9-Sep 
19-Jul 13-Aug 10-Sep 
20-Jul 16-Aug 13-Sep 
21-Jul 17-Aug 17-Sep 
23-Jul 18-Aug 20-Sep 
28-Jul 19-Aug 21-Sep 
29-Jul 20-Aug 24-Sep 
30-Jul 23-Aug 25-Sep 
2-Aug 24-Aug 28-Sep 
3-Aug 27-Aug 29-Sep 
4-Aug 30-Aug 30-Sep 
5-Aug 31-Aug  










The first questioned examined was if the early morning upper-tropospheric ozone 
was stratified. When examining the correlation between the layers, a difference can be 
seen. Table 4 contains the measured R-squared values.  
 
Table 4: R-squared values between layers for each hour  
6AM                   
  A B C D E F G H I 
I 0.045 0.046 0.301 0.475 0.101 0.244 0.022 0.231 1.000 
H 0.127 0.038 0.261 0.390 0.454 0.305 0.001 1.000   
G 0.011 0.004 0.179 0.003 0.050 0.023 1.000     
F 0.475 0.642 0.896 0.725 0.275 1.000       
E 0.177 0.225 0.273 0.516 1.000         
D 0.444 0.532 0.653 1.000           
C 0.449 0.610 1.000             
B 0.822 1.000               
A 1.000                 
                    
7AM                   
  A B C D E F G H I 
I 0.065 0.099 0.170 0.075 0.001 0.006 0.047 0.041 1.000 
H 0.007 0.030 0.026 0.015 0.029 0.019 0.398 1.000   
G 0.039 0.075 0.048 0.089 0.161 0.037 1.000     
F 0.018 0.073 0.104 0.460 0.668 1.000       
E 0.058 0.151 0.261 0.659 1.000         
D 0.221 0.354 0.683 1.000           
C 0.383 0.501 1.000             
B 0.550 1.000               
A 1.000                 
                    
8AM                   
  A B C D E F G H I 
I 0.023 0.072 0.088 0.199 0.040 0.086 0.082 0.136 1.000 
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Table 4: R-squared values between layers for each hour (continued) 
 
H 0.017 0.115 0.144 0.589 0.256 0.367 0.822 1.000   
G 0.002 0.085 0.245 0.696 0.279 0.336 1.000     
F 0.004 0.004 0.022 0.226 0.857 1.000       
E 0.005 0.015 0.005 0.231 1.000         
D 0.083 0.179 0.483 1.000           
C 0.392 0.410 1.000             
B 0.511 1.000               
A 1.000                 
                    
9AM                   
  A B C D E F G H I 
I 0.050 0.117 0.124 0.210 0.175 0.244 0.303 0.505 1.000 
H 0.018 0.082 0.238 0.367 0.518 0.590 0.628 1.000   
G 0.011 0.146 0.514 0.748 0.773 0.859 1.000     
F 0.033 0.143 0.548 0.799 0.916 1.000       
E 0.029 0.189 0.564 0.830 1.000         
D 0.041 0.247 0.763 1.000           
C 0.056 0.406 1.000             
B 0.262 1.000               
A 1.000                 
                    
10AM                   
  A B C D E F G H I 
I 0.012 0.001 0.003 0.194 0.285 0.210 0.248 0.224 1.000 
H 0.093 0.273 0.213 0.372 0.529 0.521 0.492 1.000   
G 0.015 0.130 0.458 0.694 0.648 0.772 1.000     
F 0.032 0.108 0.502 0.804 0.774 1.000       
E 0.030 0.110 0.569 0.873 1.000         
D 0.070 0.120 0.731 1.000           
C 0.206 0.189 1.000             
B 0.185 1.000               
A 1.000                 
                    
11AM                   
  A B C D E F G H I 
I 0.002 0.093 0.000 0.128 0.095 0.380 0.298 0.507 1.000 
H 0.000 0.011 0.000 0.101 0.123 0.158 0.254 1.000   
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Table 4: R-squared values between layers for each hour (continued) 
 
G 0.005 0.012 0.345 0.795 0.603 0.866 1.000     
F 0.016 0.092 0.502 0.867 0.600 1.000       
E 0.001 0.000 0.444 0.767 1.000         
D 0.020 0.080 0.632 1.000           
C 0.052 0.213 1.000             
B 0.292 1.000               
A 1.000                 
                    
NOON                   
  A B C D E F G H I 
I 0.060 0.171 0.003 0.163 0.138 0.099 0.045 0.442 1.000 
H 0.012 0.000 0.001 0.176 0.236 0.098 0.001 1.000   
G 0.021 0.000 0.058 0.043 0.014 0.001 1.000     
F 0.234 0.135 0.444 0.514 0.781 1.000       
E 0.200 0.101 0.226 0.431 1.000         
D 0.139 0.053 0.306 1.000           
C 0.196 0.260 1.000             
B 0.171 1.000               
A 1.000                 
 
As seen, the correlation values vary and they generally decrease as the distance between 
the layers increases. Thus, there is enough to suggest stratification.  
This difference can further be seen when examining the NEXLASER and hourly 
mixing height charts. These charts were able to show in a broad approach how early 
morning upper-tropospheric ozone is at times stratified before it enters the mixed layer 
and how a potential influence on afternoon surface maximum concentrations can be 
suggested. However, the weather was different for each study day. Since atmospheric 
conditions not only influence how the mixing height evolves but also the amount of 
ozone formed and its dispersion, these charts displayed varying results. Figure 5 is an 
example of a day when there is no apparent reservoir layer, and thus no significant 
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stratification. Since there is no influx of high upper-troposhperic ozone concentrations, 
afternoon surface concentrations are probably largely due to recent chemical reactions. In 
contrast, Figure 6 shows an example where a potential reservoir layer and its influence 
can be suggested. A layer of higher ozone concentration can be seen crossing into the 
rising mixing height between 7am and 9am. Once this layer is mixed with the ozone 
formed at the surface, it can be hypothesized that this process results in a higher surface 
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F  6: Ozone concentration and corresponding hourly mixing heights for 26 August 
 
ere calculated for each study day. The average of these standard deviations was 
then taken such that the average standard deviation for each layer over the entire study 
period could be examined. These values enabled a cut-off layer to be determined. If the 
standard deviation was large, that means that the ozone values within that layer had a 
large variation. This would likely mean that the NEXLASER was not measuring 
accurately. Thus, further examination of that layer, and any layer above it, should





Table 5: Standard deviations within each layer 
M 10:00 AM 11:00 AM NOON LAYER 6:00 AM 7:00 AM 8:00 AM 9:00 A
A 6.738 8.774 10.397 9.702 7.452 6.704 6.425
B 9.993 11.656 10.224 10.653 11.676 12.365 14.868
C 7.346 7.958 9.179 8.998 1 14.319 11.285 5.173
D 6.457 9.050 8.914 8.280 9.372 9.879 19.977
E 1 1 1 11.603 4.712 1.203 1.615 10.966 12.423 20.286
F 1 1 1 1 1 15.274 6.707 7.364 3.628 4.512 6.325 21.152
G 18.518 19.299 15.007 15.966 17.592 17.140 21.999
H 25.818 27.448 19.811 21.754 21.342 19.545 21.870
I 25.045 26.837 24.517 24.988 21.314 25.597 26.752
J 25.696 24.870 25.393 24.377 27.192 29.732 26.893
K 26.350 28.797 23.555 29.679 33.407 29.220 32.843
L 27.851 26.991 29.991 29.804 31.588 36.529 37.383
M 28.381 39.799 34.757 36.991 37.579 40.106 43.289
N 18.713 32.174 40.186 42.059 29.241 34.292 37.664
 
If for a given layer each hour had a standard deviation above 20, then that layer was 
99). 
. 
e potential relationship seen in Figure 6 between the upper-
ere 
 
values of this analysis are shown is Table 6.  
determined to be the cut-off layer. This value was chosen because there is a 20ppb 
difference between categories in the EPA’s Air Quality Index (AQI) (U.S. EPA, 19
The AQI is the standard index used to report current and future ozone concentrations. It 
was deemed that if the variation was greater than one AQI category, it was too large. 
Standard deviations of 20 or larger at each hour began to occur at layer H, or at 2400m
Because of this, NEXLASER data at and above this layer was not considered in 
succeeding analysis.  
 To examine th
tropospheric ozone concentrations and surface maximums, layers below 2400m w
correlated with each of the afternoon surface 8-hour ozone maximums. The R-squared
 24
Table 6: Correlations between upper-tropospheric ozone and surface 8-hour ozone 
 
maximums. 
METRO               
                
Layer (m) 6AM 7AM 8AM 9AM 10AM 11AM NOON 
G 0.061 0.000 0.504 0.479 0.419 0.387 0.075
F 0.181 0.200 0.178 0.464 0.433 0.503 0.416
E 0.082 50 97 81 7 0 1 0.1 0.0 0.3 0.37 0.27  0.32
D 0.319 0.260 0.271 0.355 0.378 0.515 0.356
C 0.261 0.220 0.165 0.255 0.240 0.361 0.305
B 0.203 0.120 0.066 0.256 0.189 0.131 0.175
A  0.291 0.060 0.037 0.064 0.090 0.057 0.570
                
AVERAGE               
                
Layer (m) M M M M A A O6A  7A  8A  9A  10 M 11 M N ON 
G 0.036 0.000 0.518 0.548 0.448 0.433 0.074
F 0.138 0.240 0.188 0.505 0.430 0.561 0.463
E 0.052 40 02 93 7 3 2 0.1 0.1 0.3 0.39 0.28  0.35
D 0.289 0.280 0.287 0.372 0.404 0.542 0.366
C 0.216 0.230 0.173 0.263 0.249 0.372 0.304
B 0.308 0.160 0.074 0.252 0.166 0.136 0.178
A  0.394 0.080 0.043 0.058 0.082 0.052 0.579
                
LOCAL               
                
Layer (m) M M M M AM AM OON 6A 7A 8A 9A 10 11 N
G 0.049 0.000 0.434 0.439 0.383 0.362 0.089
F 0.187 0.160 0.158 0.436 0.369 0.463 0.369
E 0.050 90 64 11 8 7 6 0.0 0.0 0.3 0.31 0.22  0.30
D 0.245 0.200 0.226 0.293 0.318 0.454 0.285
C 0.223 0.190 0.138 0.199 0.184 0.287 0.246
B 0.240 0.120 0.061 0.192 0.152 0.099 0.174
A  0.234 0.060 0.037 0.039 0.047 0.034 0.544
 
As seen, there is a v ma e to nu  Ho , the ela re 
omparable to those of such ozone predictor variable as temperature and wind speed 
arying gnitud  these mbers. wever se corr tions a
c
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(Davis and Speckman, 1999). While no conclusive patterns can be discerned, a few 
important observations can be made. First, higher correlations mainly occurred in the 
later hours. Second, the higher correlations generally occurred above 900m. This late
observation suggests that the ozone at the appropriate height of a residual layer does h
important influence as it mixes with the newly formed ozone from the surface. Third, th
correlations were usually higher when considering the average 8-hour maximum 
concentration. The difference is not large, but fairly consistent. This makes sense when 
considering that specific sites can be influenced by local phenomenon unrelated to
upper-tropospheric ozone.  
 It is important to note that these correlations are based on average values. As wi





















CHAP ER 4 
CASE STUDIES 
As stated previously, there is a
detail. It is of interest to study a cou contain days with high and low 
ozone c es 
ta 
T
 need to examine a few specific periods in more 
ple of periods that 
oncentrations. Ideally, there has to be a high ozone day in the middle of the seri
with relatively low ozone days before and after. This will allow for examination of the 
differences between the days leading to the extreme event through the following day.  
Figure 7 shows the metropolitan Atlanta’s daily maximum 8-hour average ozone 
concentration for each day through the study period. Days which have NEXLASER da
are colored in blue. 
 




































































NEXLASER measurement No NEXLASER measurements
 
Figure 7: Metropolitan Atlanta’s daily maximum ozone concentration 
 
e the EPA 
andard (84ppb) are 20, 21, 22 and 24 July and 3, 4, 18 and 19 August. Of these dates, 
only those in August have NEXLASER data for both the extreme days and those before 
From Figure 7, the days that have maximum ozone concentrations abov
st
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and after the event. In order to examine the relatively low ozone days before and af
high concentration days, the case studies examined were 2 August through 5 August and
17 August through 20 August. 
 To study these two periods, meteorological variables were looked at along with 
the NEXLASER and hourly mixing height charts. The meteorological data was retrieved 
from NOAA’s Air Resource La
ter the 
 
boratory in the form a EDAS (ETA Data Assimulation 
ystem A 
 





S ) 40 Meteogram (NOAA, 2005).  These meteograms contain 3-hour archived ET
data for wind, temperature, surface pressure, and cloud coverage at a 40km resolution 
around Atlanta. This resolution is appropriate because it allows for a general 
representation of the study region and not just one point location. The meteograms also 
contain 3-hour average precipitation totals. The hours for this data are represented in 
UTC.  
Along with the meteograms and NEXLASER charts, the slope of the ozone 
increase for each day was inspected. This slope was calculated by taking the change in
ozone c
um and dividing it by the change in time. This value was calculated for each 
monitoring site for each day. Those sites that did not have afternoon ozone measuremen
for that day were marked as non-applicable (N/A). The slope was determined to ob
if there was a change in the rate at which 8-hour average ozone increased. If this rate
change increased, it could indicate the influence of a reservoir layer.  
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Case 1: 2 August through 5 August 
To begin examining th SER charts, and the 
slopes 
 
is case study, meteograms, the NEXLA
of ozone increase for each day were gathered. Figure 8, Figure 9, Figure 10 and 
Figure 11 contain the four meteorgrams. Figure 12 contains the NEXLASER charts. 
Table 7 contains the ozone slopes along with the maximum 8-hour average ozone per
monitoring site.  
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Table 7: Maximum 8-hour average ozone per m
 34
Maximum Ozone (ppb) 
onitoring site and rate of ozone increase 
    
 2-Aug -Aug 3-Aug 4-Aug 5
SDEKALB 43.0 56.0 72.0 86.0
CONYERS 46.0 63.0 70.0 90.0
CONFDAVE 54.0 57.0 73.0 86.0
TUCKER 41.0 59.0 88.0 N/A 
GWINNETT 45.0 53.0 59.0 97.0
YORKVILL 52.0 62.0 62.0 54.0 
DOUGLASV 58.0 66.0 N/A 55.0 
FAYETTVL 64.0 77.0 78.0 63.0 
MCDNOUGH 58.0 87.0 82.0 65.0 
NEWNAN 57.0 63.0 76.0 65.0 
KENNESAW 54.0 46.0 56.0 68.0
     
67.6 81.3 57.7 average 52.0
     
    Rate of Ozone Increase (ppb/hr)
3-Aug 4-Aug 5-Aug  2-Aug
6.2 8.5 6.1 SDEKALB 4.7
5.9 9.9 7.0 CONYERS 3.8
4.2 8.5 5.7 CONFDAVE 5.4
TUCKER 3.9 5.2 7.7N/A 
GWINNETT 3.4 6.1 8.5 5.9 
YORKVILL 3.1 4.2 4.0 2.6 
DOUGLASV 4.3 4.1 N/A 1.4 
FAYETTVL 5.5 6.1 7.7 6.2 
MCDNOUGH 4.5 6.1 7.4 6.5 
NEWNAN 4.5 4.5 6.5 4.3 
KENNESAW 4.7 5.4 6.6 3.0 
     




To begin, lets look at the 2 August and 3 August. As seen in Table 7, the average 
8-hour maximum ozone concentra on increa ed, along with the average rate of increase 
centrations. Examining th org  F  an  9 shows how 
ind speed, direction and tem ture ation re sim or both days. 
ifference was the amount of  cov  and on. 2 August had 
verage and more accumul precipitation. The NEXLASER plots for 2 
ugust in Figure 12 do no icate that there were high concentrations of 
ervoir layer in the early- ing u  boun  laye ither day.  
 August, the average 8-hou imum ne co tratio igher than on 
 August. Ozone also increased at a steeper rate at mo onitoring sites. Consulting the 
 meteogram in Figure 10 shows how mo he m olog riables are 
the morning and afternoon hours. The main 
 that there is no precipitation on 4 August. W  NE R chart for 4 
amined, an early morning high ozone c entrat ayer c learly be seen.  
5 August, the 8-hour maximu ntrati h monitoring sites 
er examining the meteogra  Figure 11, it was determ
 conditions were most sim to those of 2 August. This was primarily due 
d amount of clouds and precipitation. Though, 5 August had a larger 
 total. However, for most sit he ma m 8-hour ozone concentrations 
ere higher than those on 2 Augus  Also, th  rate of o one incr se at most sites was 
n those on 2 August. Examining the 5 August NEXLASER chart shows how 
there is a reservoir layer in the morning.  
 
ti s
in ozone con e mete rams in igure 8 d Figure
the hourly w pera fluctu s we ilar f
The main d cloud erage precipitati
more cloud co ated 
August and 3 A t ind
ozone in the res morn pper dary r for e
On 4 r max  ozo ncen n is h
3 st m
4 August st of t eteor ical va
similar to those on 3 August during 
difference is hen the XLASE
August is ex onc ion l an c
On m ozone conce ons at eac
decreased. Aft m in ined that the 
meteorological ilar 
to the increase
precipitation es, t ximu
w t. e z ea
larger tha
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Case 2: 17 August through 20 August 
As with the previous case study, meteograms, the NEXLASER charts, and the 
slopes of ozone increase for each day were gathered. Figure 13, Figure 14, Figure 15 and 
Figure 16 contain the four meteorgrams. Figure 16 contains the NEXLASER charts. 
Table 8 contains the rate of ozone increase along with the maximum 8-hour average 
ozone per monitoring site.  
 
 
Figure 13: 17 August Meteogram (NOAA, 2005) 
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Table 8: Maximum 8-hour average ozone per m
 41
Maximum Ozone (ppb) 
onitoring site and rate of ozone increase 
    
 17-Aug 20-Aug 18-Aug 19-Aug
SDEKALB 49.0 57.0 82.0 88.0
CONYERS 44.0 58.0 81.0 87.0
CONFDAVE 63.0 90.0 96.0 64.0 
TUCKER 58.0 N/A 89.0 61.0 
GWINNETT 65.0 79.0 80.0 71.0 
YORKVILL 45.0 67.0 N/A 41.0 
DOUGLASV 45.0 N/A 72.0 N/A 
FAYETTVL N/A 79.0 82.0 52.0 
MCDNOUGH 44.0 93.0 87.0 55.0 
NEWNAN 43.0 37.0 73.0 84.0
KENNESAW 47.0 73.0 70.0 49.0 
     
average 50.3 54.5 79.7 83.5
     
Rate of Ozone Increase (ppb/hr)     
 17-Aug 20-Aug 18-Aug 19-Aug
SDEKALB 5.3 7.4 9.7 7.0 
7.3 8.7 7.1 CONYERS 4.4
CONFDAVE 5.5 7.9 8.2 6.4 
TUCKER 5.4  8.1 6.2 
GWINNETT 5.4 7.5 8.0 7.1 
YORKVILL 3.7 4.8 N/A 2.1 
DOUGLASV 3.2N/A 2.8N/A 
FAYETTVL N/A 7.3 8.1 5.8 
MCDNOUGH 3.7 7.8 8.6 5.6 
NEWNAN 3.9 5.1 6.2 4.5 
KENNESAW 4.6 7.7 6.4 5.4 
     
average 4.5 7.0 7.5 5.7 
 
 
As with the previous case study, the first two days of the period were examined 
first. As seen in Table 8, the 8-hou maximu  ozone c ncentrati n increased on 18 
ery monitoring site, along with the average 
s. Examining the meteogra  Figure 13 and Figure 14 for those two days 
 the hourly wind speeds were ut the dir  shif m 
 southerly flow to westerl e tem ture ation ilar. 
rence was the larger amo d coverag ugust and the 
tion accumulation. Also, the NEXLASER plots in Figure 17 indicate that 
ere no high concentrations one  rese e early 
orning upper boundary layer for 7 Augus  there wa  some on 8 August. 
n 19 August, the average 8-ho ximu one ntrat  higher than 
 at a more rapid rate at most monitoring sites. 
he 19 August meteogram r st of the meteorological 
 similar to those on 18 August. The ma iffere is that the wind direction 
k to the South- Southwest. Wh e NEXLASER rt for ugust was 
arly morning high ozone c entrat ayer c learly een.  
ugust, the 8-hour maxim  concentrations at each monitoring site 
ter examining the me am in Figure 16, it was determ
cal conditions were most sim to those of 17 August. This was primarily 
ue to the increased amount of clouds and precipitation. Though, 20 August had a larger 
ion total and the winds were stronger. However, for st sites, the maximum 8-
hour ozone concentrations were higher than those on 17 August. Also, the rate of ozone 
r m o o
August at ev rate of increase in ozone 
concentration ms in
shows how  similar, b ection ted fro
predominately y. Th pera fluctu s were also sim
The main diffe unt of clou e on 17 A
minor precipita
while there w  of oz in the rvoir layer in th
m  1 t, s  1
O ur ma m oz conce ion is
on 18 August. Ozone also increased
Consulting t  in Figu e 15 shows how mo
variables are in d nce 
shifted bac en th  cha 19 A
examined, an e onc ion l an c  be s
On 20 A um ozone



























e at most sites was larger than those on 17 August. Examining the 20 August 
























The main objective of this study was to evaluate NEXLASER to determine if it 
can be used to detect the presence of residua
predicting peak daily ground-level ozone concentrations. When looking at the 
NEXLASER charts with the hourly mixing heights overlaid, residual layers can be seen 
and the potential influence on afternoon surface concentrations can be suggested. 
Correlations between the hourly morning upper-tropospheric ozone concentrations and 
the afternoon 8-hour surface maximum concentration confirm that there are relationships. 
While the R2 values are not large, they do indicate that the morning ozone concentrations 
aloft do have some influence over the afternoon surface maximums. When examining a 
few days in detail, this influence can be further suggested through noted increases in the 
afternoon surface maximum concentrations and the rate at which this ozone increases 
throughout the afternoon on days when morning ozone concentrations aloft were high.  
 This study shows how the measured morning ozone concentrations from 
NEXLASER relate to maximum afternoon su trations and how the ozone 
reservoir layer can potentially influence high afternoon surface concentrations. There still 
needs to be further research done using more days and different seasons, but this study 
does indicate potential. It is very important f ters to accurately predict extreme 
ozone events. Being able to further explain why extreme ozone events occur on certain 
days will aid these forecasters. This study suggests that utilizing morning upper-boundary 
layer ozone concentrations and identifying potential reservoir layers could be an 
important tool.  
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